Abstract: The effects of freezing and freeze-drying processes on the antioxidant capacity and some phytochemical contents as well as the color of pomegranate seeds were evaluated. The fresh pomegranate seeds exhibited high antioxidant activity (79.50% and 3894.73 μmol trolox/100 g dry weight, measured by DPPH and ABTS assays, respectively). The pomegranate seeds had high contents of total anthocyanins (22.80 mg/100 g), total phenolics (633.55 mg GAE/100 g) and total flavonoids (593.23 mg quercetin equivalent/100 g). Processing did not significantly affect the color attributes of the pomegranate seeds except the hue angle values. Freeze-drying process significantly decreased the antioxidant activity and phytochemicals contents of pomegranate seeds whereas freezing process had less negative effect. The total anthocyanins, total phenolic and total flavonoid contents of pomegranate seeds well correlated with their antioxidant capacity. The best correlations were between the total anthocyanins content with DPPH radical scavenging activity (R 2 = 0.9652) and ABTS
INTRODUCTION
Pomegranate (Punica granatum L.) is one of the oldest known edible fruits. It is cultivated extensively in Iran, Afghanistan, India, Mediterranean countries (Egypt, Syria, Tunisia, Turkey, Jordan, Lebanon, Greece, Italy, Spain and Morocco) and to some extent in USA, China, Pakistan, Japan and Russia (Sepúlveda et al., 2010) . The edible part of the fruit is called arils which are eaten fresh and can be preserved as frozen or dried arils, juices, syrup or used for making jam, jellies and others (Al-Maiman and Ahmad, 2002) . Over recent years there has been a great increase in pomegranate commercial farming, due to the high quality attributes of pomegranate arils and their potential health benefits, such as anti-mutagenic, anti-hypertension, antioxidant activities, prevention of cardiovascular diseases and some cancer types (Sartippour et al., 2008; Basu and Penugonda, 2009; Viuda-Martos et al., 2010; Fawole et al., 2012) .
Phytochemicals profile of pomegranate seeds has been associated with the broad array of biological properties of pomegranate products (Mena et al., 2011) , turning this fruit into a product of growing interest for consumers and industry. The total phenolic content in pomegranate juice ranges from 1808 to 2566 mg/L (Gil et al., 2000) . Cyanidin and delphinidinare linked to pigmentation and antioxidant activity of pomegranate arils and juice (Drogoudi et al., 2005; Tzulker et al., 2007) . Pelargonidin, cyanidin and delphinidin are the most prominent anthocyanidins found in pomegranate fruit juice and cause the red, blue and an intermediate color, respectively (Noda et al., 2002) . Other phenolic compounds such as catechin, gallocatechin, epicatechin, gallic acid and caffeic acid have also been detected in pomegranate. Anthocyanins stability is influenced by various factors such as temperature, pH, light and oxygen (Jaiswal et al., 2010) . Anthocyanins also may be susceptible to degradation by oxidizing enzymes (Ju and Howard, 2003) . The β-carotene content of pomegranate arils declined during storage (O'Grady et al., 2014) . Therefore, there is a need for alternative methods of processing which can preserve nutritional and bioactive characteristics (Patras et al., 2009) .
Freezing causes minimal destruction to phenolic compounds in fruits, with retention levels dependent on cultivar. As an example, raspberries have been shown to lose up to 12% of phenolics in an early harvest cultivar, but a 12% gain of phenolics in a late harvest cultivar (Gonzalez et al., 2003) . Late harvest raspberries have also been shown to contain higher levels of antioxidants in particular, total anthocyanins after freezing (Ancose et al., 2000) . Freezing fruits and vegetables does not cause any substantial loss of vitamin A and β-carotene (Shofian et al., 2011) . Also, freezing and even more drastic freeze-drying processes have little effect on some antioxidants in fresh fruits but could markedly affect others. It was established that the ascorbic acid content of freeze-dried tropical fruits and melons was not affected greatly, but beta-carotene levels decreased in some samples (Shofian et al., 2011) . Drying processes lead to flavonoids degradation. The proportion lost depends on the drying method. Freezedrying is the less aggressive method whereas hot air drying leads to major losses (Zainol et al., 2009; Zhang et al., 2009; Dong et al., 2011) . Accordingly, the aim of the present study was to evaluate the effect of freezing and freeze-drying processes on color attributes, phytochemicals and antioxidant capacity as well as the correlations between them in pomegranate seeds.
MATERIALS AND METHODS

Materials: Pomegranate
Pomegranate fruits (P. granatum L., cv. Assiuty) were harvested at commercial ripening (fully mature according to commercial practice) from different locations of Egypt and immediately transported to the frozen plant (Whiz Company for Modern Food Industries), Ismailia, Egypt during the 2014 season. Pomegranates with defects (sunburn, cracks, bruises and cuts in the husk) were discarded and only fruit with healthy outer skins and uniform in size and appearance were used. Husks (about 300) were carefully cut with sharpened knives and seeds manually extracted. The seeds were collected in a tray, washed in a solution containing 100 μl L −1 chlorine (NaOCl) for 5 min and further rinsed in tap water, drained and excess water removed from seeds with paper towels, as reported by López-Rubira et al. (2005) and sampled. Seeds were then subjected to freezing process using Instant Quick Freezer (IQF) at -35ºC for 12-13 min and then packed before storage at -18ºC.
For studying the effect of freeze-drying process, fresh seeds from the same batches were collected and transported to the laboratory and then were freeze-dried by a vertical freeze-drier (CPERON, FDU-7006, Gyeonggi, Korea) for 36 hours at -70°C. The freezedried seeds were ground and maintained at freezing temperature until analyses.
Chemicals and reagents
Folin-Ciocalteu's phenol reagent, anhydrous sodium carbonate, gallic acid, aluminum chloride and sodium hydroxide were purchased from Fluka (Fluka Chemie GmbH, Switzerland). Sodium nitrite, quercetin, 2.2-diphenyl-1-picrylhydrazyl (DPPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (trolox), potassium persulfate and 2,2´-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) were obtained from Sigma-Aldrich (St. Louis, Missouri, USA). Methanol, ethanol and hydrochloric acid (analytical grade) were from Scharlab (Scharlab Chemies s. a., Barcelona, Spain).
Methods: Moisture content
The moisture content of all studied samples was determined by oven at 70°C under vacuum until constant weight according to the method described by AOAC (2002 , where h ab = 0º for a red hue and h ab = 90º for a yellow hue (RØrå and Einen, 2003) . To determine the overall color changes, a numerical total color difference (∆E) was calculated according to Park et al. (2002) using the following
, where L 0 , a 0 and b 0 are the control values for the fresh sample. All attributes were measured or calculated before and after freezing and freeze-drying steps.
Determination of total anthocyanins
The total anthocyanins content of pomegranate seeds was determined on the fresh and the corresponding processed samples using the method proposed by Alarcao-E-Silva et al. (2001) with some modifications. One gram of the sample was blended in 10 ml of extraction solvent (0.01% v/v HCl in methanol) and extracted for 15 min. The sample was then filtered through filter paper No. 102 and the volume was adjusted to 10 ml by the extraction solvent. Absorbance at 530 nm was measured on the supernatant using a spectrophotometer (6505 UV/ VIS, Jenway LTD, Felsted, Dunmow, UK). The total anthocyanins content was calculated on the basis of molar extinction coefficient (30000) proposed by Deman (1999) Preparation of total phenolics, total flavonoids and antioxidants extracts
The antioxidants and bioactive compounds extract was prepared according to the method described by Barros et al. (2011) with some modifications as follows: one half gram of the sample was stirred with 25 ml of methanol at 100 rpm on Orbital Shaker (LAB-LINE Instruments, Inc., USA) for one hour at room temperature (32 ± 1°C) and then filtered through filter paper No. 102. The residue was re-extracted with 25 ml of methanol. The methanolic extracts were combined and stored at 4°C until further analyses.
Determination of total phenolics content
Total phenolics content was determined according to the Folin-Ciocalteu assay with slight modifications (Barros et al., 2011) . A half ml aliquot of the extract was mixed with 5 ml of Folin-Ciocalteu phenol reagent (diluted with water 1:10 v/v) and 4 ml of sodium carbonate (75 g/ L). The tubes were vortexed for 30 s and allowed to stand for 60 min at room temperature (32 ± 1°C) for color development. The absorbance was measured at 765 nm by spectrophotometer. A calibration curve (R 2 = 0.9986) of gallic acid (0 -0.10 mg/ml) was prepared and treated in similar conditions. The results were expressed as mg of gallic acid equivalents per 100 g of dry weight (mg GAE/100 g DW). Determination of total flavonoids content Total flavonoids content was determined by technique reported by Barros et al. (2011) . Briefly, a half ml aliquot of the extract was mixed with 2 ml of distilled water followed by addition of 0.15 ml of NaNO 2 (5%) solution. After 6 min, 0.15 ml of AlCl 3 solution (10%) was added and allowed to stand for another 6 min before 2 ml of NaOH solution (4%) was added. The mixture was brought to 5 ml with distilled water. Then the mixture was mixed well and allowed to stand for 15 min. The absorbance was measured at 510 nm. A calibration curve of quercetin was prepared and total flavonoids content was determined from the linear regression equation (R 2 = 0.9976) of the calibration curve. The results were expressed as mg quercetin equivalents per 100 g of dry sample.
Determination of DPPH radical-scavenging activity
The antioxidant activity of the methanolic extracts was determined by DPPH method modified by Ravichandran et al. (2013) . Shortly, 0.1 ml of the extract was mixed for 30 s with 3.9 ml of DPPH solution (6 x 10 -5 M), and left to react for 30 min, after which the absorbance of the mixture was measured at 515 nm. The DPPH solution without extract was analyzed as blank. The antioxidant activity was calculated as follows, on dry weight basis: DPPH radical-scavenging activity (%)= [(A blank -A sample )/A blank ] x 100 Where A is the absorbance at 515 nm.
ABTS
•+ assay (trolox equivalent antioxidant capacity, TEAC)
The ability of the samples extract to scavenge the ABTS •+ radical was determined using the trolox equivalent antioxidant capacity (TEAC) assay. The method modified by Rufino et al. (2010) was used. Briefly, ABTS
•+ radical cations were produced by reacting 7 mM ABTS stock solution with 145 mM potassium persulfate and allowing the mixture to stand in the dark at room temperature for 12 h before use. The ABTS
•+ solution was diluted with ethanol to an absorbance of 0.800 ± 0.020 at 734 nm. After addition of 30 μl of the sample extract or trolox standard to 4 ml of diluted ABTS
•+ solution, absorbance was recorded after 6 min of mixing. Ethanolic solutions of known trolox concentrations (0-10 μg per ml) were used for calibration (R 2 = 0.9988) and results were expressed as µmol trolox per 100 g dry sample.
Statistical analysis:
Each experiment was done in six replicates. The results were expressed as mean ± standard deviation and were analyzed by SPSS (version 17.0 SPSS Inc). Oneway analysis of variance was performed using ANOVA procedures. Significant differences between the means were determined by Duncan's Multiple Range test. P ≤ 0.05 was considered as a level of significance.
RESULTS AND DISCUSSION Impact of freezing and freeze-drying processes on the color attributes of pomegranate seeds
The effects of freezing and freeze-drying techniques on the color attributes of pomegranate seeds are presented in Table ( (Al-Said et al., 2009; Opara et al., 2009; Mena et al., 2012) . Punicalagins, anthocyanins, phenolic acids and ascorbic acid, either alone or in combination, are responsible for the antioxidant activity of pomegranates (Scalzo et al., 2004) .
The total anthocyanins (as cyanidin chloride) content in fresh pomegranate seeds (22.80 mg 100g ) and 61.40% higher than that of freeze-dried seeds (8.80 mg 100g -1 ) as shown in Table ( 2). Anthocyanins content was not stable by the processing techniques. The reduction in total anthocyanins content may be attributed to the presence of oxidative enzymes (Lester et al., 2004) . During processing and storage, anthocyanin degradation and polymerization usually lead to its discoloration (Kalt et al., 2000; Yuksel and Koka, 2008) . Jaiswal et al. (2010) reported that anthocyanins were relatively heat stable without oxygen, but reduced considerably (65%) in the combined presence of heat and oxygen. They suggested that the enzyme polyphenol oxidase (PPO) might facilitate the destruction of total anthocyanins over time and that boiling and oven-drying arils could destroy PPO and preserve these anthocyanins. Anthocyanins may be released from the cellular matrix by freezing, although this may appear as an increase in values due to efficient extraction, it is possible that analysis of these released anthocyanins may render the nutrient more instrumentally detectable although there is no indication that these increased levels will be available biologically (Lohachoompol et al., 2004) .
From Table ( 2), the results showed that total phenolics and flavonoids contents in freeze-dried treated seeds were significantly lower than those of the frozen or fresh seeds. The calculated decrement percentages for total phenolics and flavonoids content were 4.01 and 3.82, respectively of the frozen seeds while, in freezedried seeds they were 22.37 and 17.09. Ancose et al. (2000) found that the freezing process decreased the total phenolics content by 4-20% in four cultivars of raspberries. Marques et al. (2006) reported that during freeze-drying treatment, there may be a chance of decline in the content of antioxidants due to degradation of certain compounds. Also, Chang et al. (2006) reported that the composition of some antioxidants of the fruits is affected by freeze-drying. Temperature (degree and duration), oxygen, pH, light illumination, water activity, presence of saccharides and their degradation products and activities of various enzymes are considered to be important factors influencing anthocyanins stability and bioactive compounds content (Skrede et al., 2004; Wrolstad et al., 2005; Howard et al., 2010) .
The results in Table ( 2) showed also, the DPPH radical-scavenging activity (%, DW) and the ABTS •+ scavenging capacity (μmol trolox 100 g -1 , DW) of the processed pomegranate seeds. The ABTS
•+ scavenging capacities of the processed samples were significantly (p ≤ 0.05) different as compared to the fresh sample. Freeze-drying process caused a significant decrease in antioxidant capacity measured by DPPH assay of pomegranate seeds as compared to that for fresh and frozen seeds. Ancose et al. (2000) reported that the freezing process decreased the free radical scavenging capacity of four cultivars of raspberries. The DPPH and ABTS
•+ radical scavenging activities of the samples extracts indicated that some of the compounds present in the extracts were electron donors and could react with free radicals to terminate radical chain reactions and therefore, were able to boost the natural antioxidant defense mechanism (Xu and Chang, 2008) . Data represented in this study showed a positive correlation between the total anthocyanins content with the color attributes of pomegranate seeds (Figure 1) . The best polynomial regressions (3 rd degree) were with the Chroma (C * , 0.9449), b * (0.9303) and h ab (0.9253) values.
This result confirmed that, the anthocyanins are responsible for the attractive color of pomegranate seeds and some of the fruit's anti-oxidant activity (BorochovNeori et al., 2009) .
From Table ( 2), the decrement of total anthocyanins, total phenolics and total flavonoids contents of pomegranate seeds well correlated with their antioxidant capacity measured by DPPH radicalscavenging activity and the ABTS
•+ scavenging capacity methodologies. The antioxidant capacity is most significantly correlated with the contents of total phenolics and anthocyanins (Prior et al., 1998; Proteggente et al., 2002) . Figure ( 2) showed a high correlation between the total anthocyanins content with DPPH radical scavenging activity values (R 2 = 0.9652). Also, showed a high positive correlation between total phenolics (R 2 = 0.9152), total flavonoids (R 2 = 0.9242) content and DPPH radical scavenging activity of pomegranate seeds.
The same well correlations (polynomial regression, 3 rd degree) were observed with the ABTS
•+ scavenging capacity (Figure 3 ) of pomegranate seeds.
The best correlation was with the total anthocyanins content (0.9752) followed by the total phenolics content (0.8672). Phenolics can act as efficient free radical scavengers by donating their alcoholic hydrogen or one of their delocalized electrons to radicals for their stabilization (Brown, 1995) . 
CONCLUSION
The results of the present study showed the importance of pomegranate seeds as a good source of natural antioxidants. Freezing and freeze-drying processes had significant effects on the antioxidant activity and phytochemical compounds of pomegranate seeds. Optimizing these processes is important to maintaining pomegranate seeds desirable properties. 
